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LIST OF SYMBOLS 
S - a superconductor with transition temperature T^g 
N - a normal metal or weak superconductor with transition 
temperature Tcn^^cs 
Dg(n) - diffusion coefficient of electrons in superconductor 
(normal metal) 
Ig(T) - Josephson critical current at temperature T 
^s(n) ~ coherence length of a superconductor (normal metal) 
Çql - Ginzburg-Landau coherence length 
6g(T) - pair potential of a superconductor at temperature T 
6^ - proximity-induced pair potential in a normal metal 
m* - electron effective mass 
mg - free electron mass 
N(0) - density of the states of the normal state electrons at the 
fermi surface 
Ng(E) - density of the quasiparticle states in the superconducting 
state 
Nj^(e) - density of the states of the electrons in the normal state 
Vj. - frequency of the microwaves 
Wj. - angular frequency of the microwaves, Wj.=Vj./2n 
Vp - fermi velocity of the electrons 
Ip - electron mean free path (MFP) 
Cg - electronic part of the specific heat 
c_, - constant pressure specific heat 
CHAPTER 1. INTRODUCTION 
After the recent discovery of the heavy fermion superconductors 
(HPS) CeCU2Si2f UPtg and UBe23^"^^, their extraordinary physical 
properties have received much attention. Among the most Interesting 
properties Is the possibly unconventional form of the 
superconductivity, in at least some cases. These HFSs have a very 
heavy electron effective mass, m*=200mQ. The metal atoms (Ce, U) in 
these compounds have unfilled f-shells and the nearest Ce(U)-Ce(U) 
distance is well above the Hill limit (~0.34nm). On this criterion 
they are expected, contrary to the observed superconductivity, to have 
magnetic ordering at low temperatures. From their properties, people 
suspect that they might be the unconventional, p-wave superconductors 
exhibiting parallel spin pairing. We concentrate on UBe^g in this 
dissertation because we studied it most extensively. 
Many theoretical and experimental papers have been published on 
UBe^g. Some examples include the measurement of specific heat^'^*^, 
r e s i s t i v i t y ^ ,  u p p e r  c r i t i c a l  f i e l d ^ ' u l t r a s o n i c  
attenuation4*7*8'lG'17, field penetration depth^, neutron scatterlng^^ 
and nuclear spin-lattice relaxation rate^. The results of these works 
are in some cases controversial. Some of them can be explained better 
by p-wave superconductlvltyl'4,6,8,9,12,13,16^ some by ECS 
superconductivity^^'^®. More experimental and theoretical work needs 
to be done to settle all questions. One thing that has not been done 
yet, presumably due to the sample preparation difficulties, is the 
tunneling experiment, which can provide information about the 
quaslpartlcle excitation spectrum. Another method which, in principle, 
can determine the pairing state of an superconductor is the Josephson 
tunneling (pair tunneling) measurement. In 1976, Pals^^ et al. 
predicted that a superconducting weak link formed by an s-wave and a p-
wave superconductor has different properties under microwave 
irradiation with those of an s-wave/s-wave link. The splitting of the 
Shapiro steps of an s-wave/p-wave junction is ÛV=RWj./4e, where Wj. is 
the angular frequency of the microwaves, half of that of an s-wave/s-
wave junctions. This is due to the different symmetry properties of 
the material On the two sides of the junction. However, Pals' 
prediction is not applicable to UBe^g because of the strong spin-orbit 
scattering and the inherent surface breaking of odd-parity pairs. It 
has also been proposed that order parameters of different symmetry will 
weakly suppress each other^O'^l yy competing for phase space. 
Recently, we have observed^^»^^'^^ a new effect called the 
proximity-induced Josephson effect (PIJE). This effect has similar 
properties to those of the ordinary Josephson effect. The only 
difference is that in PIJE the Josephson coupling is between the 
superconducting probe (Ta, Nb etc.) and a proximity-induced local 
superconducting region in the sample which has a lower T^. The induced 
order parameter has the same parity as that in the superconducting 
probe and this induced state extends a distance of Into the UBe^g. 
The magnitude of the induced order parameter 6^ can be monitored by 
measuring the Josephson critical current 1^. If the bulk 
superconducting state of the UBe^g is s-wave, the I^ should continue to 
increase as temperature decreases below T^ of UBe^g; a decrease in 1^, 
on the other hand, would indicate a bulk triplet state. Therefore PIJE 
is a good tool to investigate the nature of the superconductivity in 
UBsis• 
In this dissertation we present, first, some basic knowledge of 
superconductivity including the Josephson effect and the proximity 
effect (Chapter 2); then we describe the apparatus used to conduct our 
experiments (Chapter 3); followed by the experimental observations and 
theoretical explanations of PIJE (Chapter 4); and finally the 
application of PIJE to UBe^g to study the nature of its 
superconductivity (Chapter 5). Our results show that the 1^ of the 
Ta/UBe^g point contacts is suppressed weakly as T decreases through 
TgCO.gOK of UBe^g, contrary to 1^ enhancement observed on Ta/Mo 
comparison point contacts. Our observation of the anomalous I^ 
suppression in UBe^g is strong evidence that the superconductivity in 
UBe^g results from odd parity (parallel spin) Cooper pairs. 
CHATTER 2. SUPERCONDUCTIVITY 
In this chapter we will first briefly review the historical 
development of the superconductivity including both theoretical and 
experimental aspects. Then we will introduce the main ideas of the BCS 
theory of superconductivity. Finally we will discuss the proximity 
effect and the Josephson effect which are related to our experiment. 
The problems related to the different pairing state, for example 
the s-wave (even parity) and p-wave (odd parity), will be discussed in 
Chapter 5. There we will see that the heavy fermion superconductor 
UBe^g is a likely candidate for an unconventional, odd parity 
superconductor. 
History 
The phenomenon of the superconductivity was first discovered by 
Onnes^^ in 1911. When he measured the resistivity of a Hg sample, the 
resistance p suddenly dropped to zero, i.e., the conductivity became 
infinite, at temperature about 4.2K. It was soon discovered that a 
magnetic field even less than a kilogauss can destroy the 
superconductivity of some metals (Pb, Al, In, Sn, etc.). Then in 1933 
Meissner and Ochsenfeld^^ discovered that such superconductors expel a 
magnetic field. This is the famous Meissner effect. Thus, the 
superconducting state is destroyed at a "thermodynamic" critical field 
Hg, where the energy cost per unit volume H^/8n of excluding the field 
exceeds the decrease of the free energy of the superconducting state to 
the normal state. 
The experimental aspects of superconductivity developed quite 
fast. However, the theoretical explanation of this puzzling phenomenon 
developed relatively slowly. In 1935 the London brothers proposed two 
phenomenological equations, now called the London equations, which 
neatly describe the perfect conductivity and Meissner effect. But the 
fundamental understanding of these phenomena were not obtained until 
1957 when Bardeen, Cooper and Schrieffer presented their Nobel prize 
work on the BCS theory of superconductivity. 
Before the BCS theory was established, there were many talented 
physicists who worked and made appreciable contributions to this field. 
Among them are Ginzburg and Landau. In 1950, they proposed a 
phenomenological theory of superconductivity as a macroscopic quantum 
state described by a macroscopic wave function tp. GL theory has wide 
applications in explaining experimental results and good agreement 
between theory and experiments were often found. In 1953 Pippard 
proposed a nonlocal version of London's theory. In Pippard's theory, a 
new quantity K was introduced which gives a measure of the nonlocality 
of the superconducting electrons. 
In early 1950s, many new effects of superconductivity were 
discovered. They include the exponential specific heat in 
superconducting state, which suggests that an energy gap exists in the 
electronic excitation spectrum; the isotope effect of T^, i.e., the T^ 
values of many superconductors scale with isotopic mass which 
suggests that phonons participate in the superconductivity. The 
existence of the energy gap was soon confirmed by the electromagnetic 
absorption experiments. 
Under the lights of the above experimental and theoretical 
advances, in 1957, Bardeen, Cooper and Schrieffer presented their 
famous BCS microscopic theory of the superconductivity^^. The ECS 
theory shoved hov electron-phonon coupling could cause the isotope 
effect of Tj,; produce a energy gap A in the low-lying energy excitation 
spectrum with values about observed magnitude and derived other values 
as Hg, X, Ç appropriate to the experimental values. 
According to the BCS theory, superconductivity results from the 
operation of an attractive electron-electron interaction produced by 
phonon exchange. In the existence of a net attractive electron-
electron interaction* the normal phase of the electron gas is unstable 
against the formation of the Cooper pairs. These Cooper pairs are 
highly correlated and are responsible for most of the observed 
properties of the superconductor. 
BCS Theory 
The BCS theory is based on the Landau fermi liquid theory. In the 
BCS theory the interaction between electrons and phonons is weak and 
the interactions between excited quasiparticles are neglected. This 
weak interaction leads to the concept of the quasi particles (quasi . 
electrons and quasi holes) which have long life times and have well 
defined energies. Thus, the BCS theory is also called the weak-
coupling theory of the superconductivity. 
The BCS reduced Hamiltonian is 
(2.1) 
In the BCS theory the Cooper pairs are formed by electrons with 
opposite momentum (k, -k) and opposite spins (up, down). The wave 
vector k (-k) is always associated by the spin up (+) (down (-)). 
Hence, we can omit the spin indices + (-) in the operators without 
making confusion. Equation (2.1) is the pair Hamiltonlan of the BCS 
theory, cj^"*" (c^) is the creation (destruction) operator for electron 
with wave vector k. Vj^/ is the matrix element of the interaction 
potential between electrons with wave vector k and k'. We will try.to 
diagonlze the pair Hamltonlan (2.1) following the method of 
Bogollubov^®. First we define the operators 
^ = Wk^k - (2 2) 
a_k= Wkf-k + ^<=k 
in which U|^ and V|^ are real, positive quantities and have the symmetry 
properties The conjugate relations are 
= WkCk - ^ kf-k (2.3) 
«!k= Wkclk + ^ k^ 
The and obey anticommutation rules of fermions 
= ^kk'^aff' ^2 4) 
t°ïca ' °îc'a'î = 0 
the { } Indicates the anticommutation. Equation (2.4) will be 
satisfied if u^+v^=l. The Inversion expressions for cj^"*" and cj^ are 
8 
^-k '^k"-k~^°k 
(2.5a) 
4 = »^k°k+ ^«-k 
«^-k = ^k«-k -
(2.5b) 
The following assertion is valid for a system at its thermal 
equilibrium state 
A — = 5 , 
where 5 is a small quantity. Here <A> is the ensemble average of the 
operator A defined as 
where H is the Hamitonian of the system, |5=l/lcgT and Tr(A) the trace of 
the operator A. In addition we define 
The last term of equation (2.7) can be neglected since it is of 
second order in the small quantity. Hence, we have 
<A> = Tr(e-^A)/Tr(e-^) ( 2 . 6 )  
^k'c_k/Ckf-k - y^'Yk 
=[<Y&,>+(Y&,-<Y&,>][<Yk>+(Yk-<Yk>) 
=< f >< Yit>+< Yfc f > ( Yjt-< Yk^ ) + < Yk> ( Y J > - < / > ) 
+ ( Yfc/ - < Yfc/ > ) (Yit-< Yk> ) 
(2.7) 
Yk' Yk=<> Yk+<Yk>4' -< Yk' >< V 
(2.8) 
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Substituting (2.8) into (2.1), we have 
Hk = Const. + G|^(c^c_k + c+kC_k) + 6k(c%ctk+c_kck) 
(2.9) 
Here is defined as 
Ak " f,Vkk'<G_k'Ck,> (2.10) 
k 
The Hamitonian (2.1) can be rewritten as 
H = EHi. + Const. (2.11) 
k 
The can be expressed by the operators and by 
substituting (2.5a) and (2.5b) into (2.9) as 
"k = const. + [ek(W&-\&)+2Wk\k6k](o&ok+a+ka_k) 
9 9 . . (2'12) 
+ [(Wk-^k)Ak-2WkVk:k]°&°fk+«k«-k 
The diagonalization of the H can be obtained by letting the off-
diagonal terms in equal to zero, 
2Mk^Ek = 0 (213) 
The prefactor of the (o^c^«^+a_k^°Lk) just the energy E|^ of the 
elementary excitation (i.e., quasiparticle) of wave vector k. 
Ek = Gk(W^-\'^) + 2Wk\'k4c (2-14) 
By solving (2.13) and (2.14) simultaneously together with 
Vik^+"\2=1, we find the solutions of ji|^2 and n|^2 are: 
10 
, 1 Gk 
Wk = (1+—) 
2 Ek 
i - — (lA 
2 Et 
(2.15a) 
Ek = (Ak + 4)^^^ 
2M,j,V^ = 
\ 
The ensemble average of the quantity can be evaluated as 
= ^kV—nm~" 
exp(-(3Et)+l 
(2.15b) 
Ak 
tanh(-pEi.) 
2Ek 
Comparing (2.15b) with (2.10) we have the self-consistent gap 
equation: 
1 
ûfc = -E Vkk, tanh(—gEkJ (2.16) 
^ k' 2Ek, 2 
Now we make the further BOS approximation, that the 
electron-electron interaction potential is nonzero only if both 
e(k) and e(k') are within about Rw^, from the fermi surface. Here is 
a cutoff frequency usually taken to be the Debye frequency cc^. Thus: 
Vni./ = -V l^kl l^k' I ^ 
I 1C« K c (2.17) 
= 0 |Ej^| or |Ej^, I > RWç, 
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Substituting (2.17) into the gap equation (2.16), it is easy to 
see that the solution obviously has the corresponding property such 
as 
= VE tanh(-(3Ej^, )=Ag |E^J & |E^y | ^ Rw^, 
( 2 . 1 8 )  
= 0 M or |Ek, I <RWg 
6q is constant over all the fermi surface because we assume a spherical 
fermi surface. Thus, the quasipartical energy E(k) does not depends on 
the direction of k but only the magnitude k=|k|. Figure 1 illustrates 
the quasiparticle excitation spectrum E(k) of a BCS superconductor. 
The summation can be replaced by an integral JdeN(e). Hence, 
the gap equation becomes 
Hcol 
V 
A(T) 
2 J 
-Rwl 
c 
dE 
Û(T) 1 
N(E) tanh(-fE) 
2E 2 
(2.19) 
Equation (2.19) gives the temperature dependence of the gap 
function 6. It can be solved numerically. The resultant 6(T) is given 
in Fig. 2. As shown in Fig. 2, A(T) rises rapidly just below T^ and 
tends to saturate below 0.5Tg. At T=0, g goes to infinity. Thus, 
tanh(-gE) = 1 
2 
ncoL 
1 =v dE 
N(E) 
2E 
(2.20) 
Fig. 1. Excitation spectrum of quasipartides in the superconducting ( ) and normal ( ) 
states. Energy is measured from the fermi energy of the metal in the normal state. HQ 
is the hole like quasiparticle branch; EQ is the electron like quasiparticle; NH is the 
normal state hole; and NE is the normal state electron. A is the energy gap of the 
superconducting state 
0.8 
HQ 
0.6 
<D 
c 0.4 
w 
NE 
0.2 
NH 
0.0 
k 
Fig. 2. BCS temperature dependent energy gap A(T) of the superconducting state plotted as a 
function of the reduced temperature T/T^. This /ig(^g(T)is universal for all the weak-
coupling (BCS) superconductor. Note 6(0)/kgTg:1.76 
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Since e(k) is close to Gp, the energy dependent density of the 
states N(e) can be replaced by the constant N(0), the density of the 
states at the fermi surface. After making these approximations (2.20) 
becomes integrable at T=0. The result of A(T=0) is 
A(0) = Rw-/slnh(l/N(0)V) 
( 2 . 2 1 )  
« 2Rw^exp[-l/N(0)V] 
When temperature equals to T^, 6(Tg)=0. Thus, we have 
2 1 
T = ( eY)wexp(- ) 
n N(0)V 
( 2 . 2 2 )  
1 
= 1.139W exp(- ) 
N(0)V 
In (2.22) Y is the Euler constant. Now we can combine (2.21) and 
(2.22) together to get the universal relationship between the zero 
temperature gap 6(0) and the T^ as 
6(0) 
= ne-Y = 1.764 (2.23) 
kfiTc 
Equation (2.23) was first derived by BCS in 1957 and good 
agreement was generally found between this prediction and the 
experiments. It is a universal relation applicable to any 
superconductors which satisfy the assumptions of the BCS theory. 
By summary, the BCS theory gives several universal conclusions 
about the superconductors. First, the electrons form Cooper pairs due 
to the existence of the attractive pair interaction. Second, there is 
17 
a binding energy Û associated with the formation of the Cooper pairs. 
Third, there is an energy gap in the excitation spectrum of the 
quasipartlcles: to break a pair into quasipartlcles, at least a energy 
of 26 must be provided. Fourth, in the superconductlong state, the 
density of the states of the quasipartlcles Ng(E) is much different 
from N„(e), the density of the electrons in the normal state. Ng(E) is 
given by: 
ENn(e) 
Last, the thermodynamic properties of the superconducting state are 
different from those of the normal state due to the different 
excitation spectrum. For example, at low T the normal state electronic 
specific heat is given by Cg=yr while the superconducting state 
electronic specific heat is Cg« exp(-A/kgT). The details of the 
thermodynamic properties of the superconductor will be given in 
Chapter 5. The BCS theory successfully explained the experimental 
results such as zero resistance, Melssner effect, quaslpartlcle 
tunneling characteristics, sound attenuation and specific heat jump at 
Tg. We will not discuss these in this dissertation. 
Although the BCS theory is highly successful, there are still some 
experimental results which remain unexplained. For example, according 
to the BCS theory, the value of ZA/kgT^ should be 3.52 for all 
superconductors. These values for lead (Pb) and mercury (Hg) are about 
4.5 and 4.2 respectively. This problem was solved In 1960 when 
18 
Eliashberg^^ and Nambu^® proposed the strong-coupling theory of 
superconductivity. In strong-coupling superconductors the assumption 
adopted by BCS that the interactions between particles (quasiparticles) 
are weak is not necessary. Strong electron-phonon coupling leads to 
breakdown of the concept of long life time and sharply defined energy 
of quasiparticles. In this case Û depends on the energy of the 
excitation. The strong coupling theory of superconductivity works very 
well in explaining the observation of the experiments. We will not 
discuss this theory in detail because it is not closely related to our 
experiment. 
In 1959 Gor'kov^l proved that the Ginzburg-Landau theory can be 
derived from the BCS theory if T is close to the T^. This gave a solid 
ground to the use of the GL theory in a wide range of applications. 
The basic idea of the GL theory is that when T is close to T^ the order 
parameter which is proportional to â, is very small. Thus, we can 
expand the free energy Fg in terms of The order parameter *|/ is 
determined by solving ordinary differential equations under the 
appropriate boundary conditions, which are obtained by minimizing the 
free energy using variational method. The GL theory is especially 
useful for inhomogeneous systems where \p is spatially dependent. In 
Chapter 5, we use the GL theory to treat the proximity-induced 
Josephson effect. 
Josephson Effect 
In 1962, Josephson^Z predicted that a tunnel junction consisting of 
two superconductors separated by a thin insulator barrier should show a 
zero-voltage supercurrent, i.e., the d.c. Josephson effect, due to the 
tunneling of the Cooper pairs similar to the quasi-particle tunneling 
found by Giaever^^. He also predicted that when a voltage difference V 
across the junction is maintained, the supercurrent will be an 
oscillating current with frequency \t=2eV/h. This phenomenon is called 
the a.c. Josephson effect. The third important consequence of the 
Josephson effect is the magnetic field effect on the d.c. Josephson 
critical current. When a weak magnetic field is applied parallel to the 
junction's surface, the magnitude of the critical current oscillates 
with the increase of the magnetic field. The pattern of the I^fH) is 
same as the single slit Fraunhofer diffraction pattern. This quantum 
interference effect is a unique property of superconducting weak links 
and can be taken as evidence of the occurrence of the Josephson effect. 
The Josephson effect is not restricted to the tunnel junction with 
an insulating barrier but to any sufficiently localized "weak link" in a 
superconducting circuit. For example, the weak link can be a short 
constriction in the cross section of a superconductor (various forms of 
microbridge), superconductors separated by a thin layer of normal metal 
(SNS junction) or a point contact between two superconductors. In our 
experiment we used the point contact weak link since it is relatively 
easy to fabricate. 
Below we will discuss the aspects of the d.c. and a.c. Josephson 
effect in some detail. 
20 
d.c. Josephson effect 
As described before, in a superconducting circuit containing a 
superconducting weak link, a zero-voltage supercurrent can flow. The 
largest possible magnitude of this supercurrent is called the critical 
Josephson current. It is given by the famous first Josephson equation 
Ic=lisln* (2.25) 
where is the phase difference of the macroscopic wavefunctlons 
of the two side of the weak link. The maximum supercurrent density J^ 
is determined by the value of the order parameters in two sides of the 
link and is also determined by the normal state resistance of the weak 
link. In case of the SIS tunnel junction, Ij is given by Ambegaokar and 
Baratoff34 as: 
nû(T) A(T) 
Ii(T) = tanh[ ] (2.26) 
2eRjg 2kgT 
Ij^(T) of other types of weak link have been also derived. For 
instance, I]^(T) of the mlcrobrldge and point contact by Kullk^^ and 
Il(T) of the 82^182 tunnel junction by Ambegaokar and Baratoff^^. 
de Gennes has pointed out that in the vicinity of the T^ of the 
junction Ij^« 62^2* product of the order parameters at the banks of 
the weak link. We will use this relation between Ij and A to derive the 
Ij,(T) of the proximity-induced Josephson effect in Chapter 4. 
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a.c. Josephson effect 
The second Josephson equation, which relates the time derivative of 
the phase difference 4> and the voltage V across the weak link, is 
written as 
3«j> 2eV 
= (2.27) 
at n 
and in this case equation (2.25) becomes 
R d<f> RC d^* 
I=lisin*(t) + + — (2.28) 
2eRn dt 2e dt^ 
according to the resistance-shunted junction (RSJ) model^^»^^. Where C 
is the capacitance of the junction and is the normal state junction 
resistance. In this situation, <{> is not time independent but varies 
with time t. Combining equation (2.27) and (2.28), one can easily see 
that there is no d.c. supercurrent but an a.c. supercurrent of amplitude 
I2 which flows in addition to the normal d.c. current. The frequency of 
the oscillation is known as the Josephson frequency and takes the value 
of 4.836X10^ GHz per millivolt d.c. applied. 
Inverse a.c. Josephson effect 
If the junction is irradiated by an external microwave source, the 
photon assisted tunneling of the Cooper pairs could happen. If the 
frequency of the applied microwaves is the 1/n times of the Josephson 
frequency, a resonance between the r.f. field and the a.c. supercurrent 
occurs. This results in a series of current steps in the I-V 
characteristic of the junction at voltages V„=nhVj./2e. This effect was 
22 
first observed by Shapiro^® and these steps were given the name of 
"Shapiro steps." 
Pals^^ et al. have studied the voltage spacing of two adjacent 
Shapiro steps in configurations of the weak links, whose electrodes are 
composed of superconductors of possibly different superconducting pair 
wave function symmetries. The usual case of s-wave (spin singlet) 
superconductor = even parity; the p-wave (spin triplet) superconductor = 
odd parity. Their result for the even-even (odd-odd) junction is 
ÛV=hVj./2e and AV=hVj./4e for even-odd junction. This result is obtained 
by looking at the different symmetry properties of the even and odd 
parity superconductor. In an even-even (odd-odd) junction, the tunnel 
current depends on the square of the tunneling matrix element. Whereas 
in an even-odd junction, depends on the 4th order of the tunneling 
matrix element. Hence, in principle, the inverse a.c. effect can be 
used to test the pairing.state of an unknown superconductor by making a 
superconducting weak link between it and a known pairing state 
superconductor. These results are used later in our work on PIJE and 
the PIJE studies of the heavy fermion superconductor UBe^g. Later we do 
not distinguish the a.c. effect and inverse a.c. effect and call them 
both a.c. Josephson effect for convenience. 
Proximity Effect 
When a superconductor with T^g and a normal metal (or a second 
superconductor) with Tgn<Tcs brought into electrical contact, the 
two materials influence each other. The order parameter ûg of S side 
near the SN interface (about a distance of ^) is suppressed and the 
order parameter of N side is induced to a nonzero value near the SN 
interface. These effects are due to the leakage of Cooper pairs into 
the N side from S, which weakens the superconductivity properties of 
the S and induces a finite in N even at This process is the 
essence of the proximity effect. The order parameter Ù is not 
spatially independent, as assumed in BCS theory. The problem of 
solving 6(x) in this SN system can be treated by using the theory 
developed by Gor'kov^^. In Gor'kov's theory, the statistical Green 
functions G and F'*' are used. The functions are defined as 
G(x,x',t)=-i<T(f(x,0)y+(x',t))> 
(2.29) 
F+(x,x',t) = <T{j%(x,0)j^(x',t))> 
where f(x,t) (/^(x,t)) is the destruction (creation) operator of an 
electron at point x and time t. The subscript "+" ("-") of (/_) 
means spin up (down). T is the time-ordering operator such that the 
operators inside the braces are ordered so that operators with earlier 
times are placed to the right with minus signs arising from 
anticommutation of the operators included. G is the Green function of 
a single particle in the normal state. F"*" is related to the existence 
of the Cooper pairs. Moreover, in the momentum and energy domain we 
can define the quantity 
6(x)=V(x)F(x) (2.30) 
where 6(x) represents a spatially dependent generalization of the order 
parameter. V(x) is the effective electron-electron interaction and 
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F ( x ) m < f ^ ( x ) f _ ( x ) >  is the pair amplitude. (F(X)gives the probability 
of finding a Cooper pair at point x. Thus, F(x) is related to the 
local pair density and is a parameter that gives a measure of the 
"strength of superconductivity." 
Near of the system, the spatially dependent order parameter is 
the solution of the linearized self-consistent Gor'kov^^'^^ equation: 
Because near the the order parameter 6(x) is small, the nonlinear 
terms which involve the higher order powers of the Û can be neglected. 
In Eq. (2.31), K(x,x') is a kernal of the integral which is related to 
the material parameters such as the density of the states of the 
electrons at the ferml surface Ng(0) (N^fO)) and the coherence length 
Çg (of the both sides. 
de Gennes^O has solved (2.31) in the dirty limit (^(n)^^^s(n)^ 
under the boundary conditions at the SN interface 
Û/NV and (D/V)dû/dx continuous (2.32) 
which he derived microscopically. 
Especially, de Gennes obtained the approximate solution of (2,31) 
in the limit of the thick films. This is just the case in our 
experiments. The de Gennes' results for the spatially dependent order 
parameter ûg(x) and A^(x) is given by 
(2.31) 
ûg(X)=ûgQgCOS[(x+dg)/Çg]/cos(dg/Çg) 
An(x)=An(0)cosh[(x+dn)/(n]/cosh(dn/Sn) X at N (2.33b) 
X at S (2.33a) 
If dn/Sn »1. (2.33b) becomes û„(x)=Z\,(0)e-'^/^. 
The solution of the ûg in S is intuitively unrealistic since it 
represents an oscillating 6g throughout the entire region of the S 
regardless how thick it is. A more realistic solution of ûg(x) was 
given by Rowell and Smith^l by taking the physical consideration into 
account. These authors assume that the order parameter in S can be 
influenced, by making electrical contact with normal metal, only in the 
region about a coherence length from the SN interface; in the region 
far from the interface the order parameter is unchanged from the value 
of an Isolated superconductor but scaled to the of the SN system. 
In case of a weak-coupling BCS superconductor, the order parameter in S 
is given by 
6g(x)=Agcg(T/Tc)sin[n(x+b)/2SGL] £GL-b>x>0 
Ab(x)=ABcg(T/T2) x>ÇQL-b 
Here, b is a parameter determined by the boundary conditions at the SN 
interface and the Ginzburg-Landau coherence length in S. The 
order parameter 6g(x) and A^(x) of a SN proximity system is 
schematically shown in Fig. 16 (solid line in S side). 
The major physical consequence here is that in a SN proximity 
system the superconducting transition temperature of the coupled region 
near the interface can be much higher than T^n» Usually T^ is between 
Tgg and T^,^. The order parameter of the localized region in N is not 
zero but finite at T>Tj,jj. All of the phenomena of the proximity effect 
are based on this point. Later, we will employ de Gennes theory of 
proximity effect to derive the temperature dependence of the critical 
current of the proximity-induced Josephson effect. 
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CHAPTER 3. EXPERIMENTAL METHODS 
The details of the experimental methods used in studying the 
proximity-induced Josephson effect (PIJE) of the various 
superconductor-normal metal (SN) systems are given below. We describe 
first the cryostat specially designed for point contact measurement at 
temperatures below IK with provisions for feeding the microwaves to the 
<1K experimental space, and for adjusting the point contacts below 
liquid ^He temperature by a mechanical mechanism. Second, we describe 
the methods used to prepare the samples (UBe23,Mo,Ta) and the Ta and Nb 
point probes. Last, we describe the electronic circuits and 
experimental procedure used for measurement of the I-V characteristics 
of our point contact junctions. 
Single-shot %e Evaporation Cryostat 
To study the superconducting properties of the heavy fermion 
superconductor UBe^g, which has bulk T^ about 0.9K, the use of the ^He 
cryostat is necessary because helium cryostat can only reach about 1.2K. 
The second task is to adapt the microwave apparatus to the cryostat. 
The use of the waveguide will introduce a serious heat leak and thus, 
prevent the system from being cooled to below IK if proper precautions 
are not taken. The last problem is the use of the rotary shaft 
worm-gear-screw arrangement through which the in situ adjustment of the 
point contact at liquid ^He temperature can be made from outside the 
cryostat. This ^He cryostat is shown schematically in Fig. 3. The 
worm-gear-screw arrangement used in our point contact experiment has a 
Fig. 3. Single-shot ^He cryostat used for the point contact 
experiment. Here, A is the pushing rod used to control the 
motion of the superconducting point; B is the ^He pot; C is 
the electrical resistance heater; D is the flexible shaft; B 
is the copper K-band waveguide; F is the worm-gear box; G is 
the vacuum jacket; H is the sample (Ta, Mo, UBe^g etc.); I is 
a copper braid used to improve the thermal conductivity 
between the ^He pot and the sample; J is the ^He dewar; K is 
the germanium resistor thermometer; L is the ^He pot; M is the 
0.3K cold plate; N is the flange 2 mentioned in the text; 0 is 
the flange 1; F is the 1.2K cold plate; Q is the stainless 
steel pumping line; and R is the stainless steel K-band 
waveguide. The waveguide is vacuum sealed at its upper part 
(still inside the ^He dewar). The vacuum jacket, ^He pot and 
^He pot can be pumped by three diffusion pumps, respectively. 
The electrical leads for contact's I-V measurement and for the 
thermometers are not shown in this figure 
to 
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reduction ratio 2400:1, or lO.Spm per turn (about O.OSym/per degree) to 
make fine adjustment of the movement of the Ta (or Nb) needle point. 
The whole point contact sample chamber including ^He and ^He pots, worm-
gear screw box, the lower part of the waveguide and both IK and 0.3K 
cold plates are surrounded by a brass vacuum jacket which can be pumped 
by an oil diffusion pump to about 5.0X10"^ torr. The waveguide is 
vacuum sealed at its upper part which is inside the ^He bath (not 
shown). The seal is made of a mica window between two flanges. This 
seal also functions as a heat sink for room temperature radiation by 
absorbing most of the infrared radiations but allowing microwaves to 
pass. The upper part of the waveguide is made of stainless steel (as 
shown in Fig. 3) to reduce the thermal conduction through the waveguide. 
The lower part is made of copper and is in good thermal contact with %e 
pot, gear box and the sample. Between flanges 1 and 2 is a teflon 0-
ring to further reduce the heat leak from the upper part of the 
waveguide. The rotary shaft is thermally contacted with a braid of 
copper wires attached at the top of the vacuum jacket. This is 
necessary to cool the rotary shaft to about 4.2K and thus reduce heat 
leak to the sample. The volume of the '^He pot is about 40cm^. When it 
is filled by liquid ^He and pumped to about 1.20K by a large mechanical 
pump, it can provide 6-8 hours of experimental time. The ^He pumping 
line near the IK plate also functions as a ^He condenser. When ^He gas, 
which is precooled to 4.2K, passes through the 1.2K condenser it forms 
liquid, cooled to a^out 1.2K. After the process of condensation the 
pressure of the %e storage cylinder drops to about 25mmHg, the ^He gas 
supply is closed off and the ^He pot is pumped by the oil diffusion 
pump. The temperature of the ^He pot can reach 0.3K. Because the long 
thermal conduction route between sample and the ^He pot (the sample is 
cooled by thermal connection through the copper waveguide and the copper 
braid to the %e pot) the lowest sample temperatures we have obtained is 
0.50K. The storage can contains about 10 liters of ^He gas under 
standard conditions. When liquified, the ^He lasts 4-6 hours for 
experiment below IK. Often the ^He pot is not used for liquifying ^He 
and the ^He bath is pumped to 1.2K to provide the same function. The 
heater, made of manganese-copper alloy wire is tightly wound on the 
copper waveguide and glued by GE 7031 varnish. The resistance of the 
heater is about 360 ohms. When a <lmA current (depending on the 
temperature desired) is applied, the heater can raise the temperature of 
the sample up to about I.IK. There are two thermometers in the vicinity 
of the sample. Both of them are glued by GE 7031 varnish to the gear 
box. One of them is a calibrated Lake Shore Ge 200-100A resistance 
thermometer. The other one is a Lake Shore Ge 200-50A resistance 
thermometer which is calibrated to the above thermometer. The vacuum 
seal of the jacket is an indium 0-ring. This kind of seal is very 
reliable for low temperature experiment. The wires for the I-V (or 
dl/dV) measurement of the point contact junctions, for the 
4-terminal measurement of the thermometers and for the current leads of 
the heater are vacuum sealed by Emerson & Cuming Stycast 2050FT with 
catalyst 24LV at the top of the vacuum can. All the wires except those 
for the heater are thermally attached to the IK cold plate and the ^He 
pot before going to samples and thermometers to avoid heat leak through 
these wires. Between the IK plate and the ^He pot all the wires are 
changed to NbTi superconducting wires to reduce the thermal conduction 
and to eliminate joule heating. By making the above arrangements, the 
cryostat was satisfactory for our experiments, the main difficulty being 
the delay involved in changing samples. 
Preparation of the Samples 
The Ta and Nb points used for Ta/UBe^^, Ta/Mo, Nb/Ta and Nb/UBe^g 
point contact measurements are made from 1mm diameter high purity Ta and 
Nb wires. The wire is mechanically ground by fine sandpaper to a sharp 
needle which has a diameter about 5-50vim. In some cases, this sharp 
point is electro-chemically polished in a HF;HN03=1;1 acid solution. 
This procedure can remove the strains produced during mechanical 
grinding, and at same time makes the point sharper. The typical 
dimension of the point after electrical polishing is around lym. The 
point then is mounted on the needle holder of the gear box. The 
samples (we call the flat side of the point contact the sample) used for 
Ta/UBe^g is a piece of polycrystalline UBe^g provided by Smith and Fisk 
at Los Alamos National Lab. The magnetic measured T^ is Tg(10%)=0.94K, 
Tg(50%)=0'90K and Tg(90%)=0.86K from data given by Smith. The flat 
surface of this UBe^g was mechanically polished to make a new and fresh 
surface in our experiments. This procedure resulted in poor quality 
junctions, which often showed nonideal I-V characteristics, i.e., large 
values of R*/Rfj and the much less sharp transition between 
superconducting and resistive branch of the junction's I-V curve which 
makes it very difficult to determine 1^ from I-V curve. R* is defined 
as the differential resistance of I-V curve at zero voltage, i.e.. 
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R*=dV/dI(V«0); and R{^ Is junction's normal state resistance. Later, the 
UBej3's surface was electropolished in 6% methanol+94% perchloric acid 
solution. This results in a very shiny surface that looks much better 
than that of from mechanical polishing. The point contact junctions 
made on UBe^g surfaces thus prepared are of very good quality. For 
instance, they have small value of R*/R{^ and sharp transition from 
superconducting to normal branch as clearly shown in Fig. 13 and 
Fig. 19. 
The Mo used for Ta/Mo junctions was cut from a Mo ingot of MARZ 
grade. This Mo disk is about 1.5cm in diameter and 0.5cm of thickness. 
The flat face of the Mo was mechanically polished to make a clean 
surface for the point contact. The junctions made from such Mo sample 
usually have good quality. 
The Ta used for Nb/Ta junctions is a MARZ grade cold-rolled Ta foil 
or such a foil after being outgassed in a ultrahigh vacuum system 
(about 10"^ torr). The surfaces of these foils are treated in same way 
as in the case Mo. Good I-V characteristics were also obtained. 
In mounting, the samples (UBeig, Mo and Ta) are pressed against the 
wide face of the copper waveguide. Between the sample and the waveguide 
is a layer of 3M yellow tape to provide electrical insulation. Before 
the assembly is mounted in the vacuum jacket the samples are exposed in 
air for 0.5 to 1 hour to allow a thin oxidation layer to grow on the top 
of the samples. The PIJE occurs through this thin barrier. If it is 
too thick, it can blpck the proximity effect and no PIJE will be 
observed. 
Pig. 4. Schematic diagram of the Ta/Mo (Nb/Ta, Ta/UBe^g) point contact build on a K-band 
waveguide. The apparatus was mounted in a vacuum jacket. The sample could be cooled to 
about 0.5K by the use of the ^ He- The frequency of the applied microwave is Vj.=25.3GHz, 
which yields a value of hVj./2e=52.4uV 
Sample 
Mo(Ta) 
Insulator 
K-Band Guide 
^Ta(Nb) pin 
There are four wires separately attached to the superconducting tip 
(Nb or Ta) arid sample for making the standard 4-termlnal I-V 
measurement. The electrical contact between thé wires and the tip is 
made of silver conducting paint; the contact between the wires and the 
sample is made of either silver paint or pressure contact. The 
assembled point contact apparatus is shown in Fig. 4. 
The apparatus is then cooled down to 4.2K within 24 hours. The 
contacts are made at T<4.2K using the method described in next section. 
Electronic Circuit and Experimental Procedure 
The electronic circuit diagram for point contact measurement is 
shown in Fig. 5. The resistors R^-R^ are immersed in liquid ^He to 
reduce electrical noise coming down through the junction's current and 
voltage leads. The brass vacuum can is surrounded by two layers of 
Conetic metals to shield the junction from external electromagnetic 
noises. The preamplifier has two independent input channels as well as 
two output channels. The gain of the each channel can be chosen among 
1, 10 and 100 depending on the situation. Sometimes a low pass RC 
filter with cutoff frequency 2kHz was added at the top of the cryostat 
hoping to reduce electrical noise signals. The added filter did not 
help much and was omitted for most of our measurements. The a.c. 
current bias is provided by a HP-204D oscillator operated at a frequency 
about IkHz. When a.c. current source is used, the I-V characteristics 
were monitored on a Tektronix 5440 oscilloscope. We adjusted the 
contact with the rotary shaft while watching its I-V curve on the scope 
until a satisfactory junction was obtained. After that the a.c current 
Fig. 5. Block diagram of the electronic circuit used for point contact measurements. A is a 
bulk sample (Ta, Mo or UBe^g); B is the superconducting probe made of Ta or Nb wire; C 
is the ^ He dewar; D is a low pass filter with a cut off frequency about 2kHz; E is a 
2-channel low noise preamplifier; F is a HP 7044A X-Y chart recorder; G and H are the 
digital multimeters; J is a HP 2040 oscillator used as an a.c. current source in the 
measurement of the I-V curve in the oscilloscope node or used as an a.c. modulation 
source in the measurements of the dV/dl and d^V/d^l; I is a Tetronix 5440 oscilloscope 
which is used to monitor the I-V curve of the point contact; K is a switch which can 
choose between the d.c. mode and the a.c. mode (oscilloscope mode); L is a d.c. constant 
current source which also can sweep the d.c. current from -—lOmA to ~+10mA; is the 
current sampling resistor; and H is a transformer; R^-R^ are four 2k metal film 
resistors at the liquid ^He temperature used to reduce the noises coming down through 
the wires 
low pass filter 
W|J R3J jRfl 
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is cut and a d.c. current bias is applied to junction. This d.c. 
constant current source can sweep the current between -10mA and +10mA. 
For measurement of the current through the junction, a voltage signal is 
measured on a series resistor called IV sampling resistor. The value of 
this IV sampling resistor can be chosen from IQ to lOOkQ depending on 
the situation. The voltage drop on this resistor is proportional to the 
current passing through the junction. The voltage signal of the 
junction is directly picked up by V leads. Both current and voltage 
signal of the junction then are sent to the preamplifier independently, 
the outputs are then sent to a HP-7044A X-Y chart recorder. The I-V 
characteristic of a junction is plotted on the graphs. The I^ is taken 
from these I-V curves. 
The junction's normal resistance Rjq is typically around 0.5-100 
ohms. R[^ can be adjusted by changing the contact pressure. The circuit 
is also equipped with a lock-in amplifier and an a.c. 
resistance-capacitance bridge. With these the measurement of dV/dl and 
o n 
d^V/dl can be performed if necessary. 
Outside the glass ^He dewar but inside the LN2 dewar is a copper 
wire coil used to generate a weak magnetic field approximately parallel 
to junction's surface. The magnetic field is used for measuring Ig(H), 
the magnetic field dependence of Josephson critical current, of the 
junctions. The oscillatory behavior of the Ig(H) can be taken as 
evidence for the occurrence of the Josephson effect. The temperature of 
the sample is varied very slowly, about 20mK/min. The I-V curve of a 
junction is taken until the reading of the thermometers is stable for 3-
5 minutes. The values of the I^fT) are obtained easily from good 
junction in this fashion. 
CHAPTER 4. PROXIMITY-INDUCED JOSEPHSON EFFECT 
As described in the last chapter, in an SN proximity system, 
will be finite near the SN interface at T>Tgn' This is also true for a 
SIN system, where I is a very thin layer of insulating barrier. In 
this case the induced A^ will be smaller than that of a SN system due 
to the presence of the barrier I. McMillan^^ has proposed a tunneling 
model for the proximity effect of a SIN system (below we often omit the 
I to write SIN as SN for simplification). His model could be used to 
understand the situation here. If the barrier I is thin so that the 
induced A^ of N side is large enough to overcome thermal fluctuations, 
this induced A^ in turn can have the Josephson coupling to the Ag in 
the other side of the barrier. Hence, the Josephson effect can happen 
in this SIN system just as in an ordinary SIS junction. This 
possibility of a proximity-induced Josephson effect was first 
theoretically realized by Ferrell^^ in 1969. Recently, we observed 
this induced Josephson effect in several SN systems, including 
Ta/UBe^g, Ta/Mo, Nb/Ta, Nb/UBe and Nb/CeCu2Si2^^'^^, using a point 
contact technique. The experimental observations of this effect will 
be described below. 
To explain these observations, Beasley of Stanford University 
proposed a simple model based on the phenomenological Ginzburg-Landau 
theory (see Han^Z al.). Also, near T^ of the SN system, we derived 
the temperature dependence of the induced Josephson current Ig(T) by 
use of the GL theory and the de Gennes boundary conditions (2.32). In 
this chapter, we will first present our experimental results to show 
the existence of  the proximity-induced Josephson effect; then give the 
Beasley model which describes how this effect could happen; last we 
derive the temperature dependence of the critical current Ig(T) of the 
SIN Josephson junction near its The theoretical results will be 
compared with the experimental data. As we will see that the agreement 
between theory and experiment is satisfactory. 
Experimental Observations 
When we bring a superconductor point (Nb,Ta) and a normal metal 
sample (UBe^g, Ta, Mo etc.) together to form a point contact junction 
at temperature Tj,,j<T<Tj,g and measure its I-V characteristic, an I-V 
curve similar to that of a superconducting Josephson junction is 
observed (see Fig. 6). This I-V characteristic has the same features 
as an ordinary SIS (or S1IS2, and S^, S2 could be same material) 
Josephson junction except for the finite value of dV/dl of the central 
branch. This is the proximity-induced Josephson effect, which occurs 
from the usual Josephson coupling between the Ag of the superconducting 
point and of the normal metal sample. This effect has been observed 
in many SN systems including Ta/Mo, Ta/UBe^g, Nb/Ta, Nb/UBe^g, 
Nb/LaBej^3 and Nb/CeCu2Si2. Figure 6, Fig. 7 and the dashed line in 
Fig. 13 show the I-V curve of the Nb/Ta, Ta/Mo and Ta/UBe^g point 
contacts at T>Tj,jj, respectively. 
The central branch resistance R* is defined as R*=dV/dI (V=0). R* 
is nonzero for all the SN contacts at T>Tç,jj. The finite value of dV/dl 
at the central branch is due to the spreading resistance given by 
Rgp=p/where p is the resistivity of the sample and a is the radius 
Fig. 6. Proximity-induced Josephson effect (PIJE) I-V characteristic of a Nb/Ta point contact at 
T=4.50K>Tg(Ta)=4.47K. dV/dI(V=0) is nonzero due to spreading resistance 
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Fig. 7. Proximity-induced Josephson effect (PIJE) I-V characteristic of a Ta/Mo point contact at 
T=1.33K>Tg(Mo)=0.92K. dV/dl at V=0 is nonzero due to the spreading resistance 
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of the contact, if the contact area is circular and the electron mean 
free path is much less than the dimension of the contact. The first 
condition is only partially satisfied while the second one is always 
true in our experiment. R* of Ta/Mo junction in Fig. 7 is not zero as 
it looks like, but is very small. This is due to the smaller 
resistivity p and the high residual resistance ratio (RRR) of Mo sample 
so that the R* is too small to be resolved from zero. On the other 
hand, the resistivity of Ta is several times higher than that of Mo, 
and Ta foil used for Nb/Ta contact is cold-rolled so that a lower RRR 
is expected; the resistivity of UBe^g is very high, ~100ua at ~1.5K, 
these facts result in the higher value of R* of the Nb/Ta and Ta/UBe^g 
contacts. R* decreases as temperature decreases and it suddenly drops 
to zero at TzT^^ for all the SN point contacts except S/UBe^g as shown 
in Fig. 8, Fig. 9 and Fig. 19. This is not hard to understand since 
both sides of the contact are superconducting below T^^ thus, no 
spreading resistance should exist. In case of S/UBe^g, although R* 
jumps to a much lower value but it still remains nonzero at T<T^j^. The 
possible explanation for this behavior will be given in Chapter 5. 
We also measured the temperature dependence of the critical 
current Ig(T) and the magnetic field dependence of the critical current 
Ig(H). The critical current 1^ of a SN point contact is defined from 
its I-V curve as shown in Fig. 10. A typical measured I^fT) vs. T and 
vs. H is given in Fig. 11 and Fig. 12 respectively. As one can 
see from Fig. 11 and Fig. 17 that all the I^(T)-T curves have the 
positive curvature near T^. This is the signature of the participation 
of the proximity effect. The of our point contacts is 
Fig. 8. I-V characteristic of a Nb/Ta point contact at T=2.60K<Tj.(Ta). dV/dI(V=0)=0 as in the 
ordinary Josephson effect 
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Fig. 10. I-V characteristics of a Ta/Mo point contact at various T. Solid line: T=1.19K; dashed 
line: T=1.78K; dotted line: T=2.19K; dash-dotted line: T=2.66K. The critical Josephson 
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Fig. 11. Normalized PUE critical current 1^ vs. T at T>T^ of a Ta/Ho point contact. Filled 
circles are experimental data. Solid line ( ) is the value calculated from (4.15) by 
making least-square fitting to the experimental data. The value of the parameter 
obtained from the fitting is a =2.20 
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oscillatory. One may also notice that the was not totally 
suppressed by the field. This tells us that the barrier is not perfect 
and the contact area must contain some microshorts. Also the observed 
Ig(H) pattern deviated from the ideal Fraunhofer pattern. This is the 
intrinsic property of the large junctions whose dimension exceeds the 
Josephson penetration depth Xj =(h/2eiJQdJ]^) (where Mq is the 
permeability, dsdj+X^g+X^^ is the effective thickness of the barrier 
and is the critical current density of the junction) so that the 
current distribution is nonuniform. The oscillating behavior of the 
Ig(H) is a strong evidence of the occurence of the Josephson effect. 
In addition, we examined the contact area of the Ta foil used for Nb/Ta. 
point contact by Scanning Auger Microprobe after the measurement, and 
no Nb residual was found in the Ta foil. Also, the experimental data 
of Ig(T) were fit by theoretical curves of I(,(T) calculated from 
several models: S]^INS2» S2IS2N, SjNS2 and SIN (Here Sj and S2 could be 
same materials). In this comparison, the best fit was obtained between 
the SIN model and experimental data. 
The I-V curves of various contacts, including Ta/Mo, Ta/UBe^g and 
Na/Ta, in the presence of the external microwave irradiations were 
observed. Figure 13, Fig. 14 and Fig. 15 clearly show the Shapiro 
steps observed on Ta/UBe^g (at T>Tj,^), Nb/Ta and Ta/Mo (at T<Tj,j^) point 
contacts. The voltage and current jumps of these Shapiro steps are not 
perfectly flat and vertical respectively. This is due to the existence 
of the parallel resistance (microshorts) and the series resistance 
(spreading resistance) of the contact. The apparent voltage splitting 
ÛV' taken from the I-V curve is larger than AV=Ra^/2e of the ideal 
Fig. 13. I-V characteristics of a Ta/UBe^^ point contact at T=1.32K. Dashed line: No external 
microwave radiation; solid line: in the presence of external microwave radiation. 
AV=52.9+0.6pV after the correction was made (see page 63 of the text) 
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junction. AV can be derived from AV by using the method of Wolf and 
Ng44. ÛV derived from these I-V curves is just the value expected for 
a singlet/singlet superconducting weak link. All these results mean 
that the observed Josephson effect must occur between the 
superconducting point and the induced superconducting region of the 
normal metal sample. To show how this proximity-induced Josephson 
effect could happen, we give the simple model of Beasley below. 
Beasley Model of PIJE 
In 1985, Beasley proposed a simple model of proximity-induced 
Josephson effect after we observed it. The SIN system of his model is 
schematically sketched in Fig. 16. Here A^(x) (Ag(x)) is the spatially 
dependent order parameter in the normal metal N, 0<x<« (superconductor 
S, -<»<x<0). It is assumed that the order parameters do not depend on y 
and z and only depends on the coordinate x, so that it is essentially a 
one dimensional model. Since our sample's dimension is much larger 
than that of the contact, the 1-D approximation is quite good. is 
the coherence length of the normal metal N, which gives the distance 
that the Cooper pairs penetrate into the N side. Beasley assumed that 
A|^ has the form 
6h=AhOexp(-x/Sn)exp(i*n) (4.1) 
where A^Q=A^(X=0) is the magnitude of the A^ at the interface, I}>^ is 
the phase of the A^^. A^ is assumed constant throughout the entire S 
region, Ag=AgQexp(i<|)g), where AgQ is the modulus and the phase. 
This assumption of constant Ag is unrealistic since in the real 
A-.. 
Fig. 16. The approximate form of the order parameter û(x) of the SN proximity system. The 
'finite order parameter 6^ extends into the N side by a distance about The 
suppression of the occurred only in the region about ^L-b from the SN interface 
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situation ûg is suppressed over a distance of about Çg, the coherence 
length of S, from the SN interface. However, if one is only concerned 
about the existence of a phase-dependent free energy F(*), the 
approximation of constant ûg can be used without changing the major 
results. Under these assumptions, Beasley then constructed the free 
energy of this SN system from GL theory. This free energy is given by 
h2 
(4.2) 
2m 
The term proportional to is omitted because near T^ 6^ is a very 
small quantity. The term n|6gQ-6^Q represent the coupling energy 
between the Ag and 6^. This term is phenomenological and was proposed 
by Deutscher and Imry in 1973^5. % is a parameter determined by the 
strength of the coupling.and hence, is different from junction to 
junction. Generally speaking, the stronger the coupling the larger the 
ri. P is defined as |5=R2/2m*By performing the Integral and 
expressing in terms of AgQ as 
^iO=yn^sO (4-3) 
the resultant free energy is 
F= MAgO [ 1+( 1+P/ >l)yn-2y„cos «!>] (4.4) 
where and the new variable is yn=\o^^sO* next step is to 
use y^ as a variational parameter to minimize the free energy (4.4), 
i.e., yj^ is determined by the condition 3F/3yjj=0, and y^^O (because y^ 
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is essentially the modulus of the order parameter). This gives 
y^=(l+e/ll)~^cos<|) 
= 0 
\ ^ \<n/2  
n/2<|*|<n 
(4.5) 
The final result for F is 
F=n62o[i-(i+e/n)"icos2*] 
= ^4^0 n/2<|*|<n 
|4.|<n/2 
(4.6) 
That yjj o 0 is the lowest energy solution of Eq. (4.4) for n/2<<j><n 
(cosij)<0) is clear from the inherently negative coefficient of cos* in 
(4.4). Equation (4.6) contains an oscillatory term which gives rise to 
a Josephson effect. It is easy to see that the phase dependent part of 
the free energy F(*) in (4.6) has the usual period of 2n in <j), in spite 
of the cos2* variation for |<f)|<ii/2. Thus, the Josephson current-phase 
relation 
although non-sinusoidal, retains the usual period 2n.  It is therefore 
expected that the fundamental splitting of the Shapiro steps will be 
the conventional value of Vj=R(*/2e of a junction formed by 
superconductors with the same pairing parity, for example, a junction 
formed by s-wave superconductors on both sides. This is observed in 
all the cases of our experiments of PIJE as shown in Fig. 13 to 
Pig. 15. 
2e 3F 
J(+) = (4.7) 
R H 
Ij.(T) of PUE at T>Tcn 
Beasley's model provides a simple picture for the origin of the 
PIJE. However, this model is oversimplified. For instance, ûg is not 
really spatially Independent, etc. Thus, some Important properties of 
the PIJE such as I<,(T) cannot be explained by the Beasley model. The 
reason for the failure of the Beasley model in giving correct behavior 
of Ig(T) is that in the real case ûg is suppressed near the Interface 
as shown in Fig. 16 and has a different temperature dependence from 
that of the bulk material. In the next section we will derive more 
realistic functions ûg(x,T) and A^(x,T) from the GL theory and de 
Gennes boundary conditions. 
Another difficulty of the Beasley model is that it predicts that 
the magnitude of the current steps at voltages Vj^=(2n+l)R«/4e should be 
larger than those at V^=mR&v'2e, if the power level of the incident 
microwaves is appropriate^^. This has not been observed in our 
experiments. 
A more restrictive treatment of this problem, also still 
phenomenological, is to write down the free energy of the SIN system 
without knowing the form of the order parameters. One may follow the 
formal functional variation method to obtain the form of the order 
parameters which should minimize the total free energy. The 
preliminary result of this method gives the same solution of the order 
parameters ûg and as we have in the remaining part of this section. 
In this case, the F(<j>) only contains the term of cos<t>, which gives a 
sinusoidal relation between current and phase and a value of V^=mR(AV'2e 
as we observed. 
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We have recently derived^? the temperature dependence of the 
critical current of the PIJE near its T^. The model is shown in 
Fig. 16, where d^ (dg) is the thickness of the normal metal N 
(superconductor S) and û„q (ûgg) is the value of the (ûg) at the 
interface. We use the linearized Ginzburg-Landau equation (or 
linearized self-consistent Gor'kov gap equation) and the de Gennes 
boundary condition derived microscopically to get the solution of û|^(x) 
and ûg(x). With these on hand, we obtain the following de 
Gennes^O as 
Ic(T) « 4h(x=0,T)Ag(x=0,T) T ~ (4.8) 
Equation (4.8) says that near the transition temperature of the SN 
system, the critical current Ig is proportional to the product of the 
order parameters in the two sides of the barrier. Below, we will 
briefly show how the ûg and are derived. 
First, from the linearized GL equation, we obtain 6^(x) and Ag(x) 
as 
cosh[k (x+b)) 
= cm ^ 0<x<dn 
cosh(kndn) 
n(b-x) 
As(x)=Agcg(T/Tc)sin[ ] -?QL+b<x<0 (4.9) 
Z^GL 
ûg(x)=Û0cs(T/Tc) 
Here Agcg(T/Tg) is the BCS gap function scaled to the of the 
junction if S is not a strong-coupling superconductor, ^  (^) is the 
coherence length in N (S) and is given by 
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here Dn(s)=VFn(s)ln(s)/3 is the diffusion coefficient of the N (S), in 
the dirty limit (lnpg<<Sn,s) and 
in the clean limit (ln,s^^^,s^* the GL coherence length of S 
which is given by 
3nRDs 1/9 
5gl=I 1 (4.12a) 
8kB(Tcs-T) 
b is the so called extrapolation length, and is given by^® 
k2=Ç;;2(l_T/T^)4/ii2=çj^2g(T) (4.12b) 
ûjjQ (Aqq) can be determined by applying de Gennes boundary conditions 
A D dû 
and continuous at x=0 (4.13) 
NV V dx 
where N is the density of the states of the electrons and V is the BCS 
effective electron-electron interaction. Combining (4.12a), (4.12b) 
and (4.13) together, we get our final result for û^q and ûgQ as 
AnO=ABcs(T/Tc)[l+(--^^^ï^^-^-)2g(T)]-l/2 
(4.14) 
AsO=ABCs(T/Tc)[l+(---^^ï^^-^-)2g(T)]-l/2 
"SsNs 
71 
To get (4.14) the approximation tanh(k„dj,)=l is made. In the vicinity 
of the Tg of the junction, ûgçg(T/Tj,)«(Tj,-T)^''^, and 
The d.c. critical current Ig(T) is given by 
Ic(T) « û„o(T)ûso(T) 
,  offg(T) 
cc û2^g(T/T^,)[U( )1-1 
Tcs-T 
offg(T)  ,  
« (Tc-T)[l+ ]-l 
(4.15) 
Tcs-T 
where ot» 
^s^Fs^s 
As we see, a is completely determined by the physical properties of the 
N and S. However, we did not measure due to practical 
difficulties. Thus, a is treated as a fitting parameter when (4.15) is 
compared to the experimental data. 
We carefully measured the 1^(1) of several SN systems by using the 
point contact technique described in the last chapter. The comparisons 
between the experimental data and the value calculated from (4.15) are 
shown in Fig. 17. There the solid lines are obtained from (4.15) and 
the filled circles are the experimental data. In the fitting 
procedure, a is determined by making a least-square fit. The only 
other parameter used in the least-square fit is the current 
normalization. Both experimental and theoretical values of the I^/T) 
are normalized to the critical current at the lowest temperature of the 
measurements. As one can see that the good agreement between theory 
and experiments is generally obtained. 
Fig. 17. The temperature dependence of the critical proximity-induced 
Josephson current of Ta/Mo and Nb/Ta point contact junctions 
near their Tg. The filled circles are the experimental data 
and the solid lines are values calculated from (4.15). The 
values of a were obtained by making least-square fitting to 
the experimental data 
73 
1—I—I—I—I—I—I—I—I—I 
Ta/Mo 1 Theory 
a=O.I8 •Experiment" 
I.C 
3.9 4.0 4.1 42 43 4.4 
0.8 
06 
a4 
0.2 
OJO 
1.0 
0.8 
0.6 
04 
0.2 
0.0 
Ta/Mo 2 
a-0.25 
J I I I 1 1 1—u 
\3 2.0 25 3.0 3.5 4.0 
Ta/Mo 3 
a-2.4 
0.8 
06 
0.4 
0.2 
OO 
1.0 
0.8 
0.6 
04 
02 
0.0 
1.0 
08 
0.6 
0.4 
0.2 
0.0 
I I I I—I—I I 
Ta/Mo 4 
a=7.8 
I I t 
3.2 34 3J6 3B 4.0 
I 1 I I 1 
a=0.42 
Nb/Ta 2 
a=0.17 
f 
J L 
3.1 3.3 3.5 37 3.9 4 ^-^SO 6.5 70 75 8.0 
Temperature T (K) 
74 
Discussion 
One may isee that the values of a obtained from the fitting process 
are diverse even for junctions formed by the same materials. For 
example, the values of a of the Ta/Mo junctions of different runs 
differed by as much as a factor of 20. This scatter occurs also in the 
other SN systems. Such big changes in a can be attributed to the 
changes in the electron mean free path of the sample or the 
superconducting point, due to the changes in the thickness of the 
insulating barriers, the pressure of the contacts and the number and 
the area of the microshorts. It should be pointed out that the value 
of ln(s) different from its bulk value. It is affected by the 
condition of the individual contact. On the other hand, the value of a 
is not really important in some fittings. For instance, values of a of 
7.8 and 2.0 give very little change in the calculated Ig(T) curves. 
Although the above facts can be used to explain the scattering of 
values of a among the junctions, further investigations are needed to 
clarify this issue. One of the disadvantages of using the point 
contact is that the junction's parameters, such as thickness of the 
barrier, shape of the contact and the resistance and capacitance, are 
relatively hard to control. Further study of this problem using thin 
film tunnel junctions would seem useful. 
The observed I-V characteristics of the various SIN point contact 
junctions under the microwaves showed the Shapiro steps with a voltage 
splitting 6V=Vj=RcV2e as shown in Fig. 13, Fig. 14 and Fig. 16. This 
again confirms that the Induced superconductivity in the normal metals 
(Ta, Mo, and UBe^g, etc.) has the same s-wave pairing wavefunction as 
the superconducting inducer (Nb, Ta). 
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In summary, we have observed the new proximity-induced Josephson 
effect (PIJE) in several SN systems. The I-V characteristics of PIJE 
junctions were measured as functions of T, H and microwave irradiation. 
The Ig(T) of the PIJE of Ta/Mo, Ta/UBei^ and Nb/Ta point contacts were 
measured and compared to the theoretical results. Generally, good 
agreement was found. Measurements of the field dependence of the 
critical current Ig(H) and inspection in the Scanning Auger Microprobe 
confirmed that the observed PIJE indeed occured between the 
superconducting point and the induced surface superconducting region of 
the normal metal samples. The measured splitting of the Shapiro steps 
of the PIJE proves that the induced superconductivity is s-wave as is 
that of the Ta (Nb) point. In the next chapter, we will see how PIJE 
can be used to study the nature of the superconductivity of the heavy 
fermion superconductor UBe^g. 
CHAPTER 5. APPLICATION OF PIJE TO HEAVY FERHION SUPERCONDUCTOR UBeig 
The success of the BOS microscopic theory of superconductivity 
immediately raised the question of the existence of a nontrivial 
superconductivity such as p-wave or spin-triplet superconductivity. In 
the BCS theory, the Cooper pairs are formed by electrons with opposite 
spin and opposite momentum (k+, -k-). The spin part of the pairing 
wave function *(r2,r2,o^,o%) is antisymmetric under the interchange of 
spins, i.e., the spin wave function is the singlet state with S=0. 
Thus, the orbital part of the V/ must be symmetric under the interchange 
of coordinates. The angular momentum quantum number L has to be even 
to satisfy this symmetry requirement. In the case of L=0, the state is 
called s-wave. If the spin-orbit coupling is strong then the pairing 
wave function can no longer be separated and only the parity (odd or 
even) of {p is meaningful. Later in this chapter, we will refer to even 
(odd) parity as well as singlet (triplet) or s-wave (p-wave). 
The only physical system in which the Li^O pairing is well-known is 
He. In ^He, the occurence of the so-called A phase (Anderson-
Brinkman-Morel) state is due to the spin fluctuations, or paramagnons. 
Efforts to search the p-wave superconductor were all in vain until the 
recent discovery of the heavy fermion superconductors (HPS): CeCu2Si2, 
UPtg and UBe^gl'l^, Before discussing the properties of the HPS, let 
us first look the unique properties of p-wave superconductivity. 
77 
Properties of p-wave Superconductivity 
In this section we briefly discuss the physical properties of a p-
vave superconductor such as specific heat, ultrasonic attenuation and 
spin-lattice relaxation rate, etc. All these originate from the 
different type of the density of the states of the excitation spectrum, 
which is a result of the anisotropic gap function, of the p-wave 
superconductor. 
A BCS superconductor has an isotropic energy gap A=ÛQ,  SO that its 
quasiparticle excitation spectrum is constant over all the fermi 
surface. This results in the exponential behavior in its thermodynamic 
properties. For example, the electronic specific heat of the 
superconducting state is given by Cp«*exp(-û/kgT). In the case of the 
p-wave superconductor, there are three types of pairing states: axial 
(ABM,ESP), polar and BW. The gap of the excitation spectrum usually is 
anisotropic as given below: 
Here 0 is the angle between the wave vector k and the z axis. Ûq is a 
constant. Equation (5.1) demonstrates that for axial and polar states 
othe fermi surface respectively, while the BW state's energy gap is 
isotropic like that of the s-wave superconductor. The resultant energy 
Axial 
Polar 
BW 
State Gap function 
A(k) = ÛQsin0 
A(k)=ÛQCOs0 
A(k)=ûo 
( 5 . 1 )  
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dependence of the average quasi particle density of states is 
State N(E) 
Axial 
Polar <41 (5.2) 
BW =E/(E2-A2)l/2 
These different forms of N(E) in turn give the different thermodynamic 
properties for each of the p-wave states. 
First, let us examine the low temperature electronic specific heat 
of the axial state. Generally, Cp is given by 
9U 
c = (5.3) 
^ 3T 
where 
.00 
dE[N(E)Ef(E)] 
is the energy of the system; f(E) is the Fermi-Dirac occupation 
function and N(E) is the density of the state (DOS) of the excitation 
spectrum. The Fermi-Dirac occupation function is 
1 
f(E) (5.4) 
exp(E/kgT)+l 
and the zero of the energy of the quasi particle state is the fermi 
energy. For the axial state of p-wave pairing N(E)®®^, one can 
evaluate U(T) as 
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rf» 
U(T)< dEE-^/Iexp(E/kBT)+l] 
odT^  dxx3/(eX+l) 
_00 
4 
(5.5) 
= I T 
Here, I Is the Integral 
1= dx-
eX+1 
which is temperature independent. By using (5.3), the specific heat Cp 
is obtained 
au 
31 
oe T" (5.6) 
The nuclear spin-lattice relaxation rate 1/Tj is also related to 
N(E). In the limit of small nuclear level splitting, the relaxation is 
described by the general relation 
1/Ti cc /dEf(E)[l-f(E)][N2(E)+M2(E)] (5.7) 
Here, f(E) again is the Fermi-Dirac occupation function for a quasi 
particle state of energy E; Ng(E) and M(E) are the so called "normal" 
and "anomalous" density of quasi particle states respectively^^. For a 
axial state, from (5.7) we have 
1/Ti « T^XdEdxf(x)[l-f(x)]x^ 
« I T-
(5.8) 
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The other thermodynamic properties of the p-wave superconductor also 
can be evaluated. For example, the ultrasonic attenuation coefficient 
of the axial state at very low temperature obtained by Rodriquez^^ is 
o^/o^ « T2 (5.9) 
Where o^(o^) is the attenuation coefficient of the superconducting 
(normal) state. The above quantities of the polar and the BW states 
can be obtained using the same method. The results of Cp, l/T^ and 
o^/o^ of the various p-wave states are listed below 
State N(E) 1/Tj 
axial T3 T5 rjt2. 
polar E iji2 T3 T 
BW 
E 
(E2-A2)l/2 
e-x e-x 
in the last line xsû/kgT. The s-wave state has the same properties as 
the p-wave BW state. Except the quantities listed above, the 
measurement of the upper critical field Hg2(T) and the magnetic field 
penetration depth X(T) also gives the information about the nature of 
the superconducting state. 
Heavy Fermion Superconductor UBe^g 
Recently, a class of new materials called heavy fermions has been 
discovered. They all have very large electronic specific heat 
coefficients y at low temperature (T<10K). The definition of the heavy 
fermion material is somewhat arbitrary. We take m*> 200mg as the 
criterion. Here, m* is the electron effective mass Inferred from the 
specific heat data; m^ is the mass of a free electron. Among these 
"heavy fermions," three show a superconducting transition at T<1K. 
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These are the rare earth compound CeCu2Si2> and the actinide 
Intermetallic compounds UBe^g and UPtg, with Tg= 0.65K, 0.90K and 0.45K 
respectively^®. The possibility of anisotropic, unconventional 
superconductivity is suggested^'^,!?,!] gpgg because they show 
very different physical properties than those of BCS superconductors. 
In this dissertation we only consider UBe^g, which has the highest T^ 
and was extensively studied by us. 
UBej3 shows non-BCS behavior in several aspects, Including the 
electron specific heat^ (Cp=T^), ultrasonic attenuation^'® (o^/o^=T^), 
spin-lattice relaxation rate^ (l/T^^T^) and penetration depth^ X(T). 
From the similarity of the low temperature specific heat of UBe^g to 
that of the liquid ^He, Ott et al. argued that UBe^g might be a triplet 
pairing superconductor with the axial state^. The ultrasonic 
attenuation result can be explained by axial triplet pairing 
superconductivity®. However, the result of the nuclear spin-lattice 
relaxation rate measurement supports the polar triplet pairing state. 
The Hj,2(T) measured by Maple et al. cannot be explained by either 
s-wave or p-wave state from existing theories^. The result of the 
measurement of X(T) is consistent with axial p-wave state^. Also some 
authors^® proposed that the properties of UBe^g all can be explained.by 
BCS singlet superconductivity by introducing a narrow peak, centered at 
the fermi surface, in the density of the states of the electrons^!. Up 
to now, there is no either theoretical or experimental work which can 
definitely determine the nature of the superconductivity of UBe^g. To 
solve this problem, more experimental and theoretical work needs to be 
done. 
As ve discussed In Chapter 2 ,  the Josephson effect experiment is 
very sensitive to the symmetry property of the ground state wave 
function. However, due to the strong spin-orbit scattering of the 
UBe^g and the intrinsic pair-breaking mechanism of even a perfect 
interface to p-wave superconductivity, the power of the Josephson 
effect experiment as a tool to probe the pairing property of the wave 
function is limited. The other powerful method to investigate the 
quasipartlcle excitation spectrum is the Giaever tunneling^l 
(quasiparticle tunneling) experiment. Nevertheless, this experiment 
has not been done yet partly due to the sample preparation 
difficulties. Recently the use of the proximity effect to probe the 
nature of the superconductivity of UBe^g has been proposed^^'^®'^^. 
The basic idea is that the competition between triplet and singlet 
superconductivity will result in the more severe suppression of the 
singlet superconductivity than that caused by the normal metal. This 
method also has the difficulty since the s-wave superconductivity of 
the deposited BCS superconductor thin film cannot penetrate Into the 
bulk UBe^g to Interact with the p-wave state. Hence, the expected 
competition between s-wave and p-wave superconductivity cannot be 
observed. 
The new effect of PIJE provides a good way to study the pairing 
state of HPS UBe^g. In PIJE, the surface layer (about thick) of the 
UBe^g is induced into the s-wave superconducting state at T>Tgn by 
contacting with the BCS superconductor Ta (Nb). The induced s-wave 
state extends a distance of ^  into the bulk UBe^g" At TCT^n, this 
induced s-wave state interacts with the intrinsic superconducting state 
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of UBe^g (supposed to be p-wave). In this case, by observing the 
temperature dependence of the induced s-vave order parameter via 
measuring Ig(T) of PIJE, the pairing state of UBe^g can be derived. 
The advantage of using PIJE is that the surface condition of UBe^g is 
not critical. The disadvantage is that the observation of the p-wave 
state is indirect. Below we present our experimental results; followed 
by the outlines of the Mlllis model; and the conclusions drawn from our 
measurements. 
Experimental Observations 
To investigate the pairing state of UBe^g, we performed PIJE 
measurements on a polycrystal UBe^g ingot supplied by Smith at Los 
Alamos Lab., using a Ta point as the s-wave superconducting probe. The 
experimental apparatus and the measurement procedure are described in 
Chapter 3. At T>Tj,j^=0.86K, the usual PIJE were observed on Ta/UBe^g 
point contacts (see the dashed line in Fig. 8). The temperature 
dependence of the critical currents were measured. The results were in 
good agreement with the theoretical calculation of (4.15) of Chapter 3. 
Figure 18 shows the comparison between the curve calculated from (4.15) 
and the experimental data obtained from a Ta/UBe^g point contact. The 
a.c. Josephson effect was also measured. Figure 13 is a typical result 
of such a measurement. As shown in Fig. 13, the voltage splitting of 
the Shapiro steps agrees well with that of a s-wave/s-wave 
superconducting weak link. This confirms that the induced 
superconductivity in UBe^g at T>Tgn is s-wave. When the temperature 
decreased to IXT^^* a suppression of I^ (so called negative proximity 
Normalized PUE critical current vs. temperature of a Ta/UBel3 point contact at 
T>Tç,jj. Filled circles are experimental data. Solid line ( ) is the value calculated 
from (4.15) by making least-square fitting to the experimental data. The value of 
parameter obtained from the fitting is a =3.85 
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effect) was observed as clearly shown in Fig. 19 and Fig. 20. This 
decrease of 1^ is due to the decrease of the magnitude of the Induced 
ûg of UBej3 because is essentially constant at this temperature. 
This decrease of 1^ at decreasing T cannot be understood if the bulk 
superconductivity in UBe^g is s-wave. The comparative measurement on 
Ta/Mo point contacts reveal the opposite result from those on Ta/UBe^g 
contacts. As T decreased to TKTg^o' continues to Increase, although 
very slowly. The purpose of using Mo as a comparison to UBe^g is that 
it has a similar Tg=0.92K to that of the UBe^g (~0.90K). 
At T>Tgn, the central branch of the I-V characteristics of the 
Ta/UBej3 junctions was always resistive. We believe this is due to the 
spreading resistance. However, even at TCTg^ this resistance in the 
central branch was still finite although much less than that of T>Tj,j^ . 
This phenomenon cannot be explained by the spreading resistance since 
both sides of the junction were in the superconducting state. It could 
be understood if there is a transition region between the surface 
s-wave state and the bulk p-wave state. 
All of the Ij,(T) data of Ta/UBe^g junctions were taken from good 
junctions such that their I-V curves were not hysteretic; the Ig(T) 
were same during the measurement; the junctions were mechanically 
stable and the measurements were repeatable. This negative proximity 
effect was observed on more than five different contacts during four 
different runs. The I-V curves in the presence of the microwaves at 
T<Tgn and at T>Tj,^ did not change qualitatively. The splitting of the 
Shapiro steps were about 52MV in both cases. This implies that the 
Fig. 19. I-V characteristics of a Ta/UBe^g point contact at two temperatures. Solid line: 
T=0.52K; dashed line: T=0.99K. T^(UBej^2)=0*86K. Note the finite value of dV/dI(V=0) 
when T<Tç.(UBe23). Also note the value of 1^ at 0.52K is less than that of at 0.99K, 
the negative proximity effect is recognized 
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Fig. 20. I-V characteristics of a Ta/UBe^g point contact at several temperatures, left side, 
solid line: T=0.715K; dotted line: T=0.747K; dashed line: T=0.810K; Right side, dash 
line: T=0.527K; solid line: T=0.928K. Note that the negative proximity effect is 
obvious and dV/dl at V=0 is still finite at T<Tg^ 
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Josephson coupling occurred between the induced surface s-wave state of 
UBe^g and the s-wave state of the Ta point at all temperatures. The 
Josephson coupling between the Ta point and the bulk superconducting 
state of UBe^g was absent or very small. The solid curves are obtained 
from Millis model, which is an extension of Beasley's model to the p-
wave case, as is described in the next section. 
Figure 21 illustrates the effect of microwave irradiation on the 
I-V curve of the Ta/UBe^g point contact at 0.51K. The spacing of the 
Shapiro steps is accurately hVj./2e as expected for an induced-singlet 
state. The steps have been carefully observed and AV does not change 
as T crosses T^ as shown in Fig. 22. 
Millis Model 
A complete discussion of the above observations in terms of the 
picture of the competition of s- and p-wave superconductivity would 
involve formulating and solving a nonlocal, nonlinear equation. 
However, the essential question is the validity of the point that the 
odd-parity bulk superconductivity competes with the proximity-induced 
singlet superconductivity for electrons, thus causing the magnitude of 
the induced singlet order parameter to decrease as the temperature 
decreases below the T^ of UBe^g. This may be demonstrated within the 
same simple model, Beasley's model, as was used for the T>Tgn data. 
In this section the SN system is specified as Ta/UBe^^. Hence, 
ûpg is used to denote the superconducting order parameter (pair 
potential) in Ta; ûg is used to denote the induced-singlet 
superconducting order parameter, and Aj. is used for the bulk triplet 
Fig. 21. Conventional Shapiro steps observed in Ta/UBe^g contact at 0.51K, indicating Josephson 
-effect between induced s-wave state Ag and Aj.^. Direct coupling between and 
intrinsic UBe^^ pairing is absent, as seen from detail of steps in bottom panel. This 
is consistent with different parity (triplet) bulk order parameter Aj. in UBe^g 
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Fig. 22. I-V characteristics of a Ta/UBe^g point contact at constant external microwave power. 
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energy gap in UBe^g if the ground state is triplet. We assume that the 
magnitude of the induced singlet order parameter is determined by 
balancing two energies: the free energy cost to impose s-type 
superconductivity on the UBe^g, and another energy 6F2 which represents 
coupling to the Ta point. We have 
9 T % _ 6^ 2 
6F1 = û2ç[ln— +(—)2 + X J 
Tg S (nkgTT)2 
5F2 = flSofAra'As)^  
(5.10) 
Where SF2 is phenomenological as pointed out in Chapter 4; H Is a 
measure of the transmissivity of the interface; 6^^ and ûg are the 
order parameters at the interface in the Ta and UBe^g. For T>Tg, where 
Tg= 0.86K is the bulk, transition temperature of the UBe^g, one has 
(Q=(RD/2nkgT)l/2, for T«Tg, ÇQ goes to Here Aj. is the 
magnitude of the triplet gap near the interface, and D=Vpjjlj^/3 is the 
diffusion coefficient of UBe^g. SF^ is obtained by following the 
standard derivation of the GL equation for s-wave superconductivity, 
but assuming (for T<T^) the presence of a triplet gap of magnitude Ap. 
One assumed Ag(x)=Age~'^''^, and computes the free energy SFj. The 
parameter X=>q(ûp/ûo,)^, where Xq is approximately 3.5, depending 
slightly on the form of triplet state assumed^^. ûj/û^ measures how 
much the triplet gap is suppressed from its bulk value û» by the 
presence of the interface. T®<T^ is the singlet T^ that UBe^g would 
have if the triplet pairing interaction V.ji=0. We assume T®>0, but this 
is not a critical assumption. 
•i/r-.. 
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The quantity Ç now Is chosen by minimizing SFj. The resultant Ç 
is given by 
1"-^+ K—%—(5.11) 
T? si 
5F2 is written under the static conditions, i.e., no current flowing 
through the junction. Thus, the phase difference between ûg and ûjig is 
zero. If current I which passes through the junction is much less than 
the critical current of the material (not the junction's), the 
magnitude of the order parameter can be considered unchanged. The 
relative phase of the order parameters of the two sides changes to a 
nonzero value in the existence of the small current. The total free 
energy change 8FJ+6F2 then is minimized with respect to 6g, giving 
Û .nar (iif2iiii-^  + X(—ji'2 ) (5.12) 
T| nkjlJ 
Because is essentially temperature Independent below IK, while 
(Ap/nkgT^)^ ~ (l-T/T?) for T<tJ. Hence, we find dA^/dT ~ (X-1) which 
can be positive below T^ if X>1, i.e., the bulk, odd-parity order 
parameter, if strong enough, suppresses the induced even-parity order 
parameter. Since the Josephson current is proportional to 
(ATa)^^^tB"h(6Ta/2kgT)6g (for and kgT), we obtain our main 
result: the observed suppression is due to the mechanism described 
above, i.e., the competition between the Induced even parity Ag and the 
inherent odd parity of UBe^g if X >1. 
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Negative s-vave Proximity Effect 
We should not treat Ag obtained from Mlllis model as a quantita­
tively correct result, because the assumption of spatial independent 
Apg has been made. As ve pointed out in Chapter 4, this assumption is 
not realistic. However, if the coupling between Ta tip and UBe^g is 
weak enough, then could be taken to be spatially independent as a 
first order approximation of the accurate solution. In the following, 
we derive the normalized I(,(T) by use of the ûg obtained from the last 
section. This theoretical result will be compared with the 
experimental data. 
Again we start from the expression 
Ic('^ )"4a(T)^ s(T) (5.13) 
where is supposed to.be the BCS gap function with a reduced 
temperature t=T/Tj,, i.e., Ag=ûgçg(t). At temperature T=^r^=0.86K, Aggg 
is essentially a constant. Substituting (5.12) into (5.13) we have 
Agcsft) 
Ic(T)« (5.14) 
2 T ^ 0 1/P 
1+ tin—+ X( r)2]l/2 
n T® nkgT? 
Equation (5.14) describes how the critical current 1^ changes as a 
function of T of the PIJE of an s-wave/p-wave junction. The physical 
meaning of f), X and (Tg are clear; M measures the strength of the 
coupling between the tip and sample. Smaller M represents a weaker 
coupling which results in a smaller Ag. X gives a measure of the 
Fig. 23. Normalized critical current vs. T at of a Ta/UBe^g point contact, which 
clearly shows the negative s-wave proximity effect caused by the development of the 
triplet superconductivity in the bulk UBe^g. Filled circles are experimental data; 
solid line ( ) is the value calculated from (5.14) of the Millis model. The value of 
X and used in the calculation is 2.50 and 0.215K respectively. The value of ri is 
0.9 for this junction 
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Fig. 24. Normalized critical current vs. T at 1=^*^ of the Ta/UBe^^ point contact #2. It 
also shows the negative s-wave proximity effect. Filled circles are experimental data, 
solid line ( ) is obtained from (5.14). The parameters used in calculating the 
theoretical curve are: X=2.50, Tp=0.215K and Y>=1.45 
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suppression of Ap due to the surface pair breaking effect. A smaller X 
means a stronger suppression. Thus, the suppression of the by 
competing with Ap at surface is smaller. tells us how large the s-
wave effective electron-electron attractive interaction potential Vg 
is. A higher T® represents a larger ûg, therefore a larger 1^. 
We have compared our experimental data with (5.14). The values of 
X and Tg are determined from the least-square fitting between 
experimental and theoretical results. Once the values of X and T® have 
been determined from one set of experimental data, they are fixed at 
these values and are used to fit the other sets of experimental data. 
The reason for this is quite simple: X and Tg depend only on the 
material and the surface condition of the sample, and must be same for 
the different contacts on the same sample. On the other hand, h 
depends on the details of the each contact, e.g., the pressure of the 
contact; the thickness of the insulating barrier. The value of X and 
Tg obtained from fitting are 2.8 and 0.25T^=0.22K, respectively. These 
values were used to fit all five sets of experimental data of five 
different junctions in three runs. As shown in Fig. 23 to Fig. 26, the 
agreement between theory and experiments is generally good. From these 
Ig(T) curves we see that the induced s-wave order parameter ûg was 
suppressed when Ap begins to grow. This cannot be understood if the 
bulk superconducting state of UBe^g is s-wave. This suppression of 
as T decreased to below the T^^ has not been observed before on any s-
wave/s-wave Josephson weak links. It can be explained only by the 
competition mechanism between the incompatible superconducting order 
parameters. This issue will be discussed in more detail in the next 
section. 
108 
One may notice that according to (5.14), the I^(T) plot should has 
a cusp Instead of a flat maxima peak at T=Tg since X is a step 
function. However, during the experiment, the temperature T cannot be 
kept at the exact value desired. There are always thermal fluctuations 
which causes a finite width in T. The other thing is that our 
polycrystal UBe^g sample is not completely homogeneous. The different 
parts of the sample have slightly different T^ values. This can be 
seen from the magnetic susceptibility measurement of T^, which reveals 
a c0.6IC transition width. In our experiment, we observed a maximum 
instead of a cusp at Tg(~0.86K) in the Ig(T) plot. By numerically 
introducing the thermal fluctuation effect into (5.14), the cusp is 
smeared into a peak. The amplitude of the thermal noise ÛT used in 
calculating theoretical curve of I^XT) is about O.IK or less. The 
smearing procedure used is described below; 
Tl+j-Tl+jST (5-15) 
Where Î^XT^T is the value of 1^ at temperature Tj after the smearing; 
Ic(Ti^j) is the 1^ at temperature T^+j before the smearing; Wj is 
suitable weighting function, for example, the Gaussian 
Wj=C„exp(-aj2) (5.16) 
The values of a and n depend on the experimental data and are related 
by the condition such as exp(-oai^)=x«l. The constant is determined 
by the normalization condition 
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n 
(5.17) 
The Wj could be other functions rather than the Gaussian function, 
e.g., the Lorentzian weighting function 
By applying this smearing procedure to (5.15), we obtained fairly 
good agreement between theory and experiment. The weighting function 
we used is the Gaussian function (5.16) with n=3 and x-0.05-0.1. 6T 
usually is taken to be from 20mk to 40mk, and ÛT=n5T. All the values 
of n, X and AT were determined by making a least-square fitting to the 
experimental data. For all five contacts which exhibit the negative 
s-wave proximity effect, of 3 runs, the values of ÛT and n used in 
fitting are reasonable. 
Ta/UBeig Point contacts strongly suggest that the superconductivity in 
UBe^g is different from that of BCS superconductors in the nature. One 
may ask the possibility of unconventional singlet pairing, L^O (e.g., 
d-wave) superconductivity. Then the superconductivity in UBe^g does 
not have to be triplet. However, if the superconducting ground state 
in UBe^g is d-wave, direct Josephson coupling between the s-wave 
superconductivity in the Ta wire and the d-wave in bulk UBe^g would 
possible. On the other hand, within -Eg of the SN interface, i.e., the 
Wj=Cn(l+ej2)-l 
with similar conditions for and |3. 
(5.18) 
Discussion 
Our observations of positive values of dIj,(T)/dT at T<T^ in 
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region where the presence of the barrier is expected to destroy 
rotational invariance, the linearized gap equation would couple s-and 
d- symmetry gap functions. The suppression of the induced s-wave gap 
caused by the competition for electrons would be much weaker. 
Therefore, one may obtain a suppression of below the UBeig T^ from a 
model assuming s-wave superconductivity only if the Josephson coupling 
to the bulk d-wave order parameter is anomalously small, or if the 
induced s-wave order parameter extends a distance into the bulk. 
Since these circumstances are unlikely, we believe that the 
superconductivity in UBe^g is odd parity. 
The comparative result obtained from Ta/Mo point contact shows 
behavior clearly different from that of Ta/UBe^g's. At T>Tgn, IgfT) of 
both Ta/Mo and Ta/UBe^g agrees well with the theoretical result of 
(4.15). This similar behavior of Ta/Mo and Ta/UBe^g junctions is shown 
in Fig. 27. When T is close to T^^, Ta/UBe^g behaves different from 
Ta/Mo. As shown in Fig. 28, the critical current keeps increasing 
as T decreases of T<Tg of Mo. Mo is a well-known BCS superconductor 
and has a Tg=0.92K which is very close to T^ of UBe^g. Ig(T) of Ta/Mo 
increased about 10% between ~0.92K-0.52K while I^/T) of Ta/UBe^g 
decreased from '-8%-15% between ~0.86K-0.52K. At present we lack a , 
quantitative theory which is able to describe a singlet/singlet PIJE 
junction around the T^^. However, the qualitatively different behavior 
of I(,(T) of the Ta/UBe^g and Ta/Mo near T^^ gives good information 
about the superconductivity in UBe^g. 
As we indicted before, (5.14) is only an approximation. It comes 
from (4.8) I^a Û]^Û2. However, (4.8) is a good approximation only 
Fig. 27. High-temperature Josephson I(.(T) for Ta/Mo (crosses) and Ta/UBe^g (filled circles) 
point contacts. Proximity-induced value are 4.04 and 3.32K respectively; lines are 
calculated value from (4.15) which is good only if 
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normalized to the of the bulk Ho and UBe^^, 0.92K and 0.86K respectively. Fall of 
IgXT) in Ta/UBe^g contact indicates s-wave pair breaking by the bulk superconductivity. 
Dashed curve is a guide to the eye, while solid curve is obtained from (5.14), with X 
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if both and are small compared to the temperature, i.e., 
This condition is satisfied when T^T^. In our case, T is 
well below Tj,(TaflPj,„«T^) and Aj.g/kgT«l is not held although 6g/kgT<<l 
is probably true. Hence, we should use more universal expression^^ of 
Ic(T) as 
Ij,(T)«(Aratanh ATa/kgT)l/2 (A^tanh ûg/kgDl/^ (5.19) 
Equation (5.15) can be simplified, if Ag«kgT and Aj.g»kgT are 
satisfied, to get the same result as (5.14). Another approximation in 
deriving (5.14) is that Aj.^ is assumed spatially independent. But it 
is inevitable that Aj^ near the interface will be suppressed and have a 
different temperature dependence than Aggg. One should be aware of 
this point although we are not going to discuss it in this work. 
The measured series residual resistance R*(T)=dV/dI (V=0,T) is 
plotted in Fig. 29. The expected behavior for a conventional 
superconductor (crosses) is R*=Rgp=p/2a for T>Tj,^ and R*=0 for TXT^n as 
singlet superconductivity expands from radius a to fill the whole 
sample. The crosses in Fig. 29 actually represent R*(T) measured on a 
Nb/Ta contact but are believed representative also the Ta/Mo contact. 
In summary, a negative proximity effect has been observed between 
the bulk superconductivity of UBe^g and a proximity-induced surface 
singlet state. This effect has been accounted for by a model of 
triplet-singlet phase competition in UBe^g below its T^. The finite 
resistance of the central branch of the I-V characteristics of the 
Ta/UBej3 point contact at T<Tg=0.86K is not completely understood yet. 
It could arise from phase-slip between the weakly coupled bulk p-wave 
Fig. 29. Residual junction resistance R(T)=dV/dI|Y_ Q  normalized by R*=dV/dI| Q  2K follows 
dashed curve (disappears at of Ta) for induced-s-wave state on s-wave bulk 
superconductor. Anomalous behavior of UBe^g/Ta contact (filled circles, solid line) 
follows trend of UBei^ bulk p(T) (open circles) above of UBe^g, but nonzero R 
persists to 0.6T^.. Orthogonality of singlet and triplet order parameters over lapping 
in a region of volume ~a^ implies weak interaction, and allows phase-slip between 
and Ag 
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and surface Induced s-wave superconductivity. As we have argued, these 
observations support an odd-parity (p-wave, or triplet) superconducting 
ground state in UBe^g. 
Our experiment cannot distinguish the polar, axial and BV states. 
However, it gives very important information about the nature of the 
superconductivity in UBe^g. According to the argument of Volovik and 
Gor'kov^^ and Blount^^, for UBej^^, the state which possesses the lines 
of zeroes of gap function is forbidden. Thus, if in the 
superconducting state, UBe^g has the same crystal structure as that in 
the normal state, the superconducting state in UBe^g should be axial 
p-wave. 
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CHAPTER 6. CONCLUSION 
We have discovered a new effect called the proximity-induced 
Josephson effect^^'^^'^^ and applied it to investigate the nature of 
the superconductivity of the heavy fermion superconductor The 
proximity-induced Josephson effect has been observed in many SN point 
contacts, including Nb/Ta, Nb/UBe^g, Nb/CeCu2Sj^2» Nb/LaBeig, Nb/In, 
Ta/UBeig and Ta/Mo, at T>Tgn' The d.c. Josephson critical current has 
been observed on all the above systems. The temperature dependence of 
this critical current Ig(T) has been measured on several systems 
(Nb/Ta, Ta/UBe^g, Ta/Mo, etc.). A theoretical model based on GL theory 
and de Gennes boundary conditions has been established^ ;^^ ? the 
Ig(T) of the PIJE has been derived from it. The experimentally 
measured Ig(T) and the theoretical values have been compared to each 
other, generally good agreement is found. 
The a.c. Josephson effect has been also observed at all the 
temperatures (T^Tg^ and T<Tj,j^). The observed voltage splitting of the 
Shapiro Steps is just the value AV=ficiO^/2e expected for a 
singlet/singlet Josephson weak link, in all the cases. This confirms 
that the Josephson coupling is indeed between the proximity-induced 
singlet superconducting state in the normal metal and the state in the 
superconducting point. 
The magnetic field dependent critical current Ig(H) has been 
observed to be oscillatory, which is a strong evidence for occurrence 
of the Josephson effect. Some samples (Ta foils used for Nb/Ta point 
contacts) have been examined by the Scanning Auger Microprobe after low 
temperature measurement, and no Nb residue was found. 
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PUB vas used to study UBei^, a suspected unconventional 
superconductor. The bulk inherent superconducting state of this metal 
was observed by its effect on the PIJE. These observations cannot be 
understood if the bulk superconductivity in UBe^g has the same symmetry 
properties as that in Ta (which is known to be singlet). Only triplet 
(p-wave) bulk superconductivity in UBe^g can explain what we 
observed^^. A theoretical model proposed by Millis for the triplet 
case^^ provides a good fit to the observed data. This model is based 
on the concept of competition between incompatible superconducting 
order parameters. The residual resistance R*=dV/dI (V=0) is still 
non-zero at T<Tg of UBe^g in the Ta/UBej^^ contacts. This result is 
incompatible with an s-wave ground state in UBe^g. Thus, we conclude 
that the superconductivity in UBe^g is very likely to be p-wave. 
The results that are shown above are preliminary, in that the 
specific type of the p-wave state (axial, polar or BW) cannot be 
obtained from PIJE. The major disadvantage of the point contact 
technique is that the parameters like R^, C (junction capacitance) and 
area of the junction are very hard to control. Thus, the further 
studies by use of the thin film fabrication technique are desired. 
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